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Introduction
[2] Ion injections, transport and trapping in the inner magnetosphere have been observed to occur in conjunction with SEP events and geomagnetic storms. A summary of 13 previously reported and 4 additional observations of MeV ion injections during storms, occurring between November 1960 and July 2000, is given by Lorentzen et al. [2002] . Occasionally, large variations in radiation belt proton populations result in the formation of distinct new radiation belts [Blake et al., 1992] . Slocum et al. [2002] reported 11 SEP events occurring between 4 April 2000 and 31 May 2002, associated with the formation of new radiation belts at 2.0 ] L ] 3.5. In particular, they study the 24 Nov 2001 storm, which is distinguished by the appearance of a new radiation belt at L $ 2.5 that still persisted through the end of June 2002, merging with inner zone cosmic ray albedo neutron decay (CRAND) source protons.
[3] Figure 1 shows the omnidirectional flux of E > 25 MeV protons from the HEO 1997-068 spacecraft for the month of Nov 2001 (See Blake et al. [1997] for HEO orbit). The time resolution of the HEO data is approximately 4 bins per day. However, flux measurements in the inner magnetosphere are only available at $9 hour intervals due to the large portion of orbital time spent near apogee. In this paper we focus on the latter of the two large SEP events appearing in the HEO data. The bin indicated by the arrow corresponds to an inward bound portion of the HEO orbit occurring between 6:30 UT and 9:30 UT on 24 Nov. Significantly enhanced flux levels at L 4 are first measured at $8:00 UT 24 Nov, although the initial injection may have occurred at any time 0 -9 hours earlier. On 23 Nov, after the solar event but before the solar wind disturbance reaches the magnetosphere, 25 MeV solar proton access appears to be limited to L shells above L $ 4.
[4] The processes by which solar ions gain access to the inner magnetosphere, producing long lived stably trapped populations, are not well understood. In each case reported by Lorentzen et al. [2002] the measured proton cutoff location is well above the newly formed proton belt, indicating that the protons do not have Stormer orbit access to this region. A number of mechanisms for variations in radiation belt distributions have been suggested. Simulations by Li et al. [1993] showed that a large electric field pulse associated with the storm sudden commencement (SSC) could create a new electron belt on a time scale of minutes. This type of shock induced transport has also been used to model the formation of a new proton belt, both in an analytic field model [Hudson et al., 1995] and in fields from an MHD storm simulation [Hudson et al., 1997] . Additionally, enhanced radial diffusion by drift resonance with ULF waves has been suggested as a possible mechanism for radial transport [Perry et al., 2000] .
[5] A charged particle's ability to penetrate a magnetic field is determined by its magnetic rigidity, which is defined as its momentum per unit charge. The earth's magnetic field usually shields the inner magnetosphere from direct penetration by MeV solar protons. The degree of geomagnetic shielding is quantified in terms of geomagnetic cutoff. Cutoff refers to a cutoff rigidity, below which particle fluxes are cut off due to magnetic shielding. Each geographic position has a corresponding cutoff rigidity. Previously, effort has been directed at calculating world grids of cutoff rigidities for space dosimetry applications, e.g., Smart and Shea [2001] calculate vertical cutoff rigidities using the Tsyganeko magnetospheric model [Tsyganenko, 1989] . To our knowledge, this is the first work where geomagnetic cutoffs have been calculated using a dynamic magneto-spheric model, except for some preliminary cutoff calculations discussed by Freeman and Orloff [2001] . In this paper, we consider a surface of constant cutoff that shields particles of a given rigidity. Our goal is to study how direct SEP access to the inner magnetosphere is modified by storm conditions.
Theory
[6] The equation of motion of a particle with charge q and mass m is
with CGS units used. g = 1/ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 1 À v 2 =c 2 p is the relativistic factor, v is the particle velocity, and c is the speed of light. In a pure dipole magnetic field geometry, no closed form solution of (1) has been found except for a few special cases. However, Störmer [1955] showed the existence of an inner forbidden region that an incident particle of a given rigidity can not access. The boundary of this region is defined by the equation
where M is the dipole moment, l is the latitude and r is the radial distance from the center of the dipole. From (2) we see that, in a constant dipole magnetic field, a given cutoff surface is defined by the rigidity of the particle. As an example, the red line plot in Figure 2 shows the cross section of a cutoff surface for a 25 MeV proton in a magnetic dipole oriented in theẑ direction, with M = 8.06 Â 10 25 gauss-cm 3 . In what follows we will discuss the geomagnetic cutoff in terms of proton energy instead of rigidity. A 25 MeV proton corresponds to a rigidity of 0.22 GV. All distances are expressed in units of earth radii (R E ).
Computational Method
[7] Equation (1) is solved using a 4th order Runge-Kutta integrator with the step size adjusted at each step to be 1% of the instantaneous gyro period of the particle. The magnetospheric fields are generated by the LFM global MHD model. The 24 Nov 2001 solar wind parameters used to drive the LFM code are shown in Figure 3 . In this work we follow the proton trajectories in static fields, without interpolation between MHD time steps. Note that, a 25 MeV 
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proton traverses $1/4 of the computational domain in a single MHD time step of 0.25 seconds. Here, we do not include effects of diffusion or scattering processes, but only consider direct Störmer orbit access. As will be shown, the change in the geomagnetic field configuration over the course of a storm substantially changes the direct access of protons to the inner magnetosphere in a dynamic model.
[8] SEP access is determined by launching a particle and following its trajectory backwards in time. If the particle escapes the magnetosphere then the trajectory is considered viable, indicating SEP access to the point from which it was launched. In this work we define an escaped particle as one that exits 15 R E before its total trajectory path length exceeds 1000 R E . The cutoff is located by launching particles from points on a spatial grid with their velocities uniformly distributed over all directions. No attempt is made to distribute the velocities in directions where access is most likely, although this refinement would be one way to make the method more efficient. An additional modification that will greatly improve efficiency is to locate the cutoff surface with a suitable search algorithm, rather than launching particles from a uniform grid.
[9] As a test, 25 MeV particles were launched in a pure dipole magnetic field with M = 8.06 Â 10 25 gauss-cm 
Results
[10] Figure 4 shows the modeled geomagnetic cutoff for 25 MeV protons at four snapshots in time from the MHD simulation. Each plot was produced by launching $2 million particles: 106 particles were launched from each of 18000 points. The inner circle at 2.4 R E is the inner boundary of our magnetospheric model. In each case, the plot shows a cross section of the cutoff surface (boundary of black region) in the x-z plane, corresponding to the noonmidnight sector in SM coordinates [Kivelson and Russell, 1995] .
[11] The times shown in Figure 4 are: (a) 23:12 UT 23 Nov corresponding to a quiet pre-storm time, (b) 5:59 UT 24 Nov at the arrival of the initial shock in the inner magnetosphere, (c) 7:05 UT 24 Nov during a period of maximum solar wind density and dynamic pressure, and (d) 13:29 UT 24 Nov after a prolonged period of southward IMF when the Dst index is significantly enhanced. The latter three times are indicated in Figure 3 by the vertical dashed lines. The pre-storm location of the simulated cutoff shown in Figure 4a roughly corresponds to a surface of constant L shell at L $ 5.5. The maximum earthward displacement to L $ 3.5 shown in Figure 4c occurs at $7:05 UT 24 Nov. Additional times during the storm were examined. It was determined that the greatest earthward displacement of the 25 MeV proton cutoff surface occurred during the period of enhanced solar wind density, corresponding to a maximum compression of the geomagnetic field.
Discussion and Conclusions
[12] The storm simulation produces an earthward displacement of the 25 MeV proton cutoff surface, which reaches a maximum during a period of maximum solar wind density. The degree to which the cutoff surface is compressed is striking, indicating that direct access of SEPs plays a significant role in the observed ion injection. This earthward displacement coincides with the sudden proton injection observed in the HEO satellite data shown in Figure 1 , although the time resolution of the data limits our ability to pinpoint the time of the injection. Examination of low altitude SAMPEX MAST data with a 90 minute orbital period shows evidence for SEP access to L $ 2.6 at the time of the high density solar wind impulse arrival in the inner magnetosphere ($07:05 UT), although the SAMPEX orbit is not favorable for making this determination until several hours later due to orbital plane position relative to the South Atlantic Anomaly (J. B. Blake, private communication).
[13] An ideal MHD description of the magnetosphere does not include a number of physical processes that are relevant to modeling geomagnetic cutoff. Perhaps the most important is the ring current. Current efforts to couple the LFM code with the Rice Convection Model (RCM), which models the inner magnetosphere using an adiabatic-drift formalism, will improve future cutoff calculations by including the effects of the ring current. It has been suggested that variation in the geomagnetic cutoff is caused The boundary of the black shaded region is the cutoff surface. The cutoff is determined by following reverse particle trajectories. An escaped particle is one which exits a sphere at r = 15 R E before its total trajectory path length exceeds 1000 R E .
by suppression of the equatorial magnetic field due to ring current buildup [Leske et al., 2001] . However, it is interesting to note that during the 24 Nov 2001 storm, significantly elevated flux levels first appear in the inner magnetosphere >10 hours prior to the minimum Dst, occurring at 18:00 UT. The Dst index indicates that the ring current buildup was not as significant at 5:59 UT nor 7:05 UT, relative to 13:51 UT where we would expect a significant ring current pertrrbaiton not included in the model. Thus, we would not expect Figures 4b and 4c to be greatly affected by the lack of a ring current in the model.
[14] A direct quantitative comparison between the numerical results and the HEO data is not possible since an IGRF field model, which does not take into account the compression of the magnetosphere by the solar wind, is used to map the measured fluxes to the equatorial plane. However, one would expect the IGRF model to be a close approximation to the geomagnetic field in the inner zone where the new belt forms. Thus, the model results corresponding to 7:05 UT shown in Figure 4c indicate that an additional source of radial transport is necessary to explain SEP access to L < 3.
[15] In summary, our primary conclusion is that: In the 24 Nov 2001 storm, the observed proton injection and subsequent formation of a new radiation belt was triggered by a large solar wind density enhancement, which caused a dramatic compression of the SEP proton cutoff allowing direct MeV SEP access to L $ 3.5. Additionally, in an ideal MHD magnetospheric model, the increased solar wind dynamic pressure due to a large density enhancement has a greater effect on compressing the equatorial position of the SEP cutoff than either the arrival of the leading shock front or significant Dst buildup after an extended interval of southward IMF B z . In our model, $25 MeV protons do not have direct access to L < 3 where the new belt appears. This suggests that resonant interaction with a shock induced pulse, as in Hudson et al. [1997] , or other magnetospheric disturbance are an important source of radial transport in the inner zone. Further work is needed to fully understand the mechanisms for transport and trapping. Future work will include modeling of other high speed CME events, which produce a significant SEP source population and high density solar wind impulse. We will include inductive and diffusive processes by following the ion trajectories in time dependent fields, generated by the fully coupled LFM and RCM codes.
